Many DNAzymes have been isolated from synthetic DNA pools to cleave natural RNA (D-RNA) substrates and some have been utilized for the design of aptazyme biosensors for bioanalytical applications. Even though these biosensors perform well in simple sample matrices, they do not function effectively in complex biological samples due to ubiquitous RNases that can efficiently cleave D-RNA substrates. To overcome this issue, we set out to develop DNAzymes that cleave L-RNA, the enantiomer of D-RNA, which is known to be completely resistant to RNases. Through in vitro selection we isolated three L-RNA-cleaving DNAzymes from a random-sequence DNA pool. The most active DNAzyme exhibits a catalytic rate constant~3 min -1 and has a structure that contains a kissing loop, a structural motif that has never been observed with D-RNA-cleaving DNAzymes. Furthermore we have used this DNAzyme and a well-known ATP-binding DNA aptamer to construct an aptazyme sensor and demonstrated that this biosensor can achieve ATP detection in biological samples that contain RNases. The current work lays the foundation for exploring RNA-cleaving DNAzymes for engineering biosensors that are compatible with complex biological samples.
Introduction
Catalytic DNAs or DNAzymes are single-stranded DNA molecules that can catalyse a chemical reaction. They are isolated from a random-sequence DNA library using an established technique known as "in vitro selection" [1, 2] . The first example of a catalytic DNA was provided by Breaker and Joyce in 1994 with a Pb 2+ -dependent RNA-cleaving DNAzyme [3] . Since then, many DNAzymes have been discovered for an impressive range of chemical reactions [4] [5] [6] [7] [8] [9] [10] . However, RNA-cleaving DNAzymes have been widely examined for several reasons. First, the transesterification reaction involving RNA is well known in biology as many protein enzymes and ribozymes rely on this chemistry to cleave RNA [11] [12] [13] [14] . This creates a unique opportunity to compare catalytic abilities of DNA, RNA and protein for the same reaction. Second, the historical precedency of RNA-cleaving DNAzymes has directed the research community to use RNA cleavage as a model reaction to study DNA-based catalysis. In addition, many RNA molecules are medically important and thus RNA-cleaving agents including RNA-cleaving DNAzymes have the potential to be developed into therapeutic agents [15, 16] . Moreover, the existence of efficient RNA-cleaving DNAzymes [15] [16] [17] [18] [19] and effective strategies for engineering stimuli-responsive RNA-cleaving DNAzymes makes this catalytic system a favoured choice for biosensor engineering [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
A number of RNA-cleaving DNAzyme biosensors have been reported and applied for the detection of many different analytes [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . However, most of these sensors have been designed to function in simple sample matrices and are not fully functional in complex biological samples. This is because the RNA substrate for these DNAzymes is in the natural D-configuration (D-RNA), which is also the substrate of natural RNases that are pervasive in biological samples. Since RNases are powerful enzymes that cleave D-RNA more efficiently than DNAzymes, biosensors engineered with D-RNA-cleaving DNAzymes are prone to producing falsepositive signals with biological samples. This drawback has significantly restricted the application of these biosensors, calling for the development of RNase-resistant RNA-cleaving DNAzymes that are both efficient and compatible with biological samples.
With this motivation in mind, we set out to develop DNAzymes that cleave L-RNA, the enantiomer of D-RNA. Since L-RNA is known to be highly resistant to RNase degradation [35] , replacing D-RNA with L-RNA offers an attractive solution for taking advantage of RNA-cleaving DNAzymes for biosensing applications. The use of L-RNA as the cleavage site, however, can post a challenge for DNAzyme isolation as it has been shown that the enantiomeric difference between L-and D-isomers prevents extensive Watson-Crick base-paring interactions [36, 37] , which are often employed by RNA-cleaving DNAzymes for substrate binding. On the other hand, DNAzymes for biosensing applications almost exclusively involve the use of a chimeric DNA/RNA substrate that contains a single ribonucleotide as the cleavage site, a strategy we will also adopt in this study. The use of the single L-RNA moiety should minimize the impact on the DNAzyme-substrate interactions. In addition, it has been shown that D and L stereoisomers are still capable of engaging each other through alternative interactions [38] . More importantly, the Joyce group set precedence in 2002 by successfully isolating an L-RNA-cleaving DNAzyme from a random-sequence DNA pool [39] . However, the reported DNAzyme exhibits a catalytic rate constant of merely 0.001 min -1 , several orders of magnitude inferior than the best-known D-RNA-cleaving DNAzymes (with rate constants as high as 10 min -1 [4] ). The reduced efficiency makes this DNAzyme unsuitable for biosensor engineering. Therefore, the key objective of our study is to develop a significantly more active L-RNA-cleaving DNAzyme.
Herein we report an L-RNA-cleaving DNAzyme that exhibits a catalytic rate constant of 3 min -1 . We have also used this DNAzyme and a well-known ATP-binding DNA aptamer to construct a ligand-responsive biosensor. Finally we have demonstrated that this biosensor can achieve ATP detection in biological samples that contain RNases.
Results and Discussion
In vitro selection A pool of 10 14 molecules, denoted L1 and made of 60-nt (nt: nucleotide) random domain flanked by two 20-nt primer-binding sites, was used for the in vitro selection experiment. The in vitro selection scheme is shown in Fig 1A. L1 was first phosphorylated and ligated to a chimeric DNA/RNA substrate S1 that contains a single guanosine L-ribonucleotide (LrG) as the cleavage site (Fig 1B) . Upon purification using denaturing gel electrophoresis (dPAGE), the ligated construct was incubated for 60 minutes in the selection buffer that contains Mg 2+ and Mn 2+ as divalent metal ion cofactors (for the consideration that most RNA-cleaving DNAzymes require divalent metal ions for high catalytic activity). The cleavage product was purified by dPAGE and subjected to two polymerase chain reactions (PCR1 and PCR2). PCR1 used two standard DNA primers, forward primer FP1 and reverse primer RP1 ( Fig 1B) ; however PCR2 used FP1 and RP2, which contains an A20 tail separated by a non-amplifiable linker ( Fig 1B) . Therefore, PCR2 produced two DNA strands with unequal sizes, which permit the separation of the coding strand by dPAGE. The purified DNA amplicon was used as the DNA pool for the next cycle of selective enrichment. After 5 rounds, a cleavage signal was observed. In order to isolate the most efficient DNAzymes, the RNA cleavage time was reduced to 1 min for rounds 6 and 7, and then to 5 sec for rounds 8-10 ( Fig 1C) . The round-10 DNA pool was cloned and sequenced. The top three clones are denoted LRD-A, LRD-B, and LRD-C (S1 Fig). All three classes were capable of cleaving the attached S1 substrate. It was found that LRD-B (first-order rate constant = 0.34 ± 0.05 min -1 ) was slightly more active than LRD-A (0.33 ± 0.04 min -1 ) whereas the catalytic rate of LRD-C was much lower (0.04 ± 0.01 min -1 , S2 Fig) . We chose LRD-B for further study.
Deletion walking experiment
To identify the catalytic core of LRD-B, a deletion walking experiment was conducted where groups of three nucleotides were removed one by one, starting from the 3 0 -end (Fig 2A) . Each mutant was examined to determine if each 3-nucleotide deletion would affect the catalytic activity. The removal of any functionally important nucleotide is expected to affect the performance of the DNAzyme, and the severity of disruption can be measured through the reduction of the RNA cleavage activity, measured as the relative activity normalized against the fulllength LRD-B. The deletion walking experiment indicates that the first half of the sequence of the LRD-B is critical for the DNAzyme function whereas the second half is dispensable.
Re-selection with a mutagenized LRD-B DNAzyme pool A reselection experiment was then conducted with a partially randomized library of LRD-B in which each nucleotide in the original random-sequence domain was chemically synthesized to have a degeneracy of 30% (70% for the wild-type nucleotide and 10% each for the remaining three nucleotides). After six rounds of selective amplification, the DNA pool was sequenced and individual sequences were analyzed to identify conserved nucleotides. Each individual nucleotide was organized using a variation index (VI) using a method we developed previously [40] . Nucleotides that were absolutely conserved were coded in red (VI = 0), important residues in blue (VI < 0.25) and not important in grey (VI > 0.25) (Fig 2B) [40] . Nucleotides with VI of 0 do not tolerate any base substitution; they either participate directly in catalysis or are essential for structural formation. Blue-coded nucleotides can tolerate some level of mutation; it is possible that these nucleotides play a significant role in structural organization rather than catalysis. In contrast, nucleotides coded in grey are not functionally important. Based on sequence analysis and results obtained from the truncation and reselection experiments, we proposed a simple structure as illustrated in Fig 2C .
Methylation with dimethyl sulphate
Initial assessment of LRD-B's secondary structure reveals a simple internal stem-loop that may be highly important since many residues in the loop are highly conserved ( Fig 2C) . Since several highly conserved nucleotides are adenine and guanine nucleotides, methylation reaction with dimethyl sulphate (DMS) was then carried out to further probe their importance to the function of the DNAzyme. DMS can methylate N-7 of guanine and N-3 of adenine and placing a methyl group on nitrogen atoms of functionally important guanines and adenines is expected to interfere the catalytic function of the DNAzyme. These nucleobases will appear as undermethylated (protected against methylation in this assay) [40] . As revealed in S3 Fig, A21 , A22, and G41 were observed to have the most significant interference with methylation. 
Design of a trans-acting LRD-B construct
Once we have identified the key nucleotides that are important to the function of LRD-B, we sought to convert the cis-acting catalyst into a trans-acting enzyme. The primer binding sites and some non-conserved nucleotides were first removed from the sequence of LRD-B. Additional nucleotides were also introduced to create stronger binding arms between the substrate strand and the DNAzyme strand. The final trans-acting LRD-B (denoted LRD-BT1) is shown in Fig 3A. The catalytic activity of LRD-BT1 was assessed under multiple turnover conditions. LRD-BT1 was found to have k cat of 2.6 ± 0.2 min -1 and a K M of 280 ± 40 nM.
Identification of a kissing loop in the DNAzyme structure
The secondary structure model for LRD-BT1 contains four absolutely conserved nucleotides-AGCT-in the loop of the hairpin. Our mutational analysis indicates that base alteration to any nucleotide in this motif results in complete loss of the catalytic activity (data not shown). Upon close inspection, we noticed another AGCT motif located immediately upstream of LrG cleavage site. This observation led us to speculate that these two motifs form a kissing loop, which might be important for the function of LRD-B. We believe that this would bring catalytically important nucleotides from the stem-loop closer to the cleavage site (Fig 3C) .
To confirm the existence of the kissing loop and its importance to the function of LRD-BT1, we carried out compensation mutagenesis analysis. In this experiment, the introduction of base mutations to disrupt the kissing loop formation is expected to significantly diminish the catalytic activity while co-variations to restore the base-pairing interactions should also revive the catalyst. Two new enzyme-substrate pairs, LRD-BT2/S2 and LRD-BT3/S3, were constructed and all 9 enzyme-substrate combinations were examined for cleavage activity (Fig 3C) . The results provided in Fig 3D show that each enzyme could only cleave its matching substrate, indicating that the kissing loop between the enzyme and the substrate strands does exist and is essential to the function of the DNAzyme.
Substrate specificity and metal-ion dependency
As the in vitro selection experiment used the substrate containing guanosine L-ribonucleotide (LrG) as the cleavage site, we were interested to see if LRD-BT1 can cleave other L-ribonucleotides including LrA, LrC, and LrU. In addition, we also tested the cleavage activity of LRD-BT1 towards the natural D-ribonucleotide. The data in Fig 4A indicates that LRD-BT1 has extremely weak activity towards all of these substrates.
We also evaluated the divalent metal ion requirement of LRD-B. . This finding is not surprising given the fact that many previous studies have also shown that divalent transition metal ions are often the preferred divalent metal ions for DNAzyme mediated catalysis [3, 19, [41] [42] [43] [44] .
Engineering a ligand-responsive LRD
RNA-cleaving DNAzymes can be combined with aptamers for the engineering of allosteric DNAzymes or aptazymes [42, [45] [46] [47] . To derive an aptamer from LRD-B, we adopted a non-classical design previously reported by our group [30] . This approach uses an aptamercontaining substrate strand (S1-Apt1) with a sequence design in which part of the aptamer engages part of the substrate into a hairpin structure that prevents the access of the substrate by the DNAzyme. However, in the presence of the cognate ligand for the aptamer, the hairpin structure gives the way to the formation of ligand-aptamer complex, making the substrate fully accessible to the DNAzyme. We used the widely examined ATP-binding DNA aptamer [48] in the design of the aptazyme; the sequence design and the switching mechanism are illustrated in Fig 5A. As shown in Fig 5B, the cleavage of S1-Apt1 by LRD-BT1 (denoted LRD-Apt1) was found to be dependent on the presence of ATP in the time-dependent manner (also see S4  Fig) .
Stability and functionality of LRD in human serum
Our key motivation for isolating an L-RNA-cleaving DNAzyme is to develop an RNA-cleaving DNAzyme system that enables biosensing applications with RNase-containing biological samples. We first illustrated the RNase resistance capabilities of L-RNA versus D-RNA by treating L-RNA and D-RNA containing substrates with RNase T1 or RNase I. We found the L-RNA substrate remained fully intact while the D-RNA substrate was cleaved by the RNases (see S5  Fig) . We then demonstrated the advantage of L-RNA-cleaving DNAzymes over the D-RNAcleaving counterparts, we compared the stability of LRD-BT1 and 8-17 (a representative D-RNA-cleaving DNAzyme [15, 49] ) in human serum. As shown in Fig 5C , although in the clean reaction buffer the cleavage of D-RNA substrate was dependent on the presence of 8-17, this dependence vanished in serum. Therefore, it is clear that any biosensor built with 8-17 will unavoidably lead to a false-positive signal in RNase-containing biological samples. In sharp contrast, the cleavage of L-RNA substrate is totally dependent on LRD-BT1 regardless of whether the reaction was performed in the pure reaction buffer or in human serum (Fig 5C) . Similarly, the biosensor designed with LRD-BT1 for ATP detection was indeed able to develop ATP in complex sample matrix like human serum (Fig 5D) .
Conclusions
We have shown in this work that efficient DNAzymes can be isolated from a synthetic singlestranded DNA pool to cleave RNA in its unnatural L-configuration using the test-tube selection approach. We have examined the catalytic and structural properties of the best performing L-RNA-cleaving DNAzyme, LRD-B, and discovered that this catalytic DNA exhibits a firstorder rate constant approaching 3 min -1 ,~2500-fold more active than the previously reported L-RNA-cleaving DNAzyme. LRD-B is on a par with the best D-RNA-cleaving DNAzymes, suggesting DNA has a similar ability to cleave D and L RNA. Structurally LRD-B contains a kissing loop that is essential to the catalytic function. To the best our knowledge, such a structural motif has not been found in the structure of any D-RNA-cleaving DNAzyme. Since the kissing loop is formed between four nucleotides next to the cleavage site in the substrate strand and four nucleotides that are surrounded by several highly conserved nucleotides in the DNAzyme strand, we speculate that this interaction defines the catalytic core and serves to position catalytically important nucleotides in the DNAzyme next to L-RNA unit in the substrate. We have also converted the L-RNA-cleaving DNAzyme to a ligand-responsive sensor, taking advantage of an existing DNA aptamer that binds ATP, and have shown that this aptazyme is fully functional in biological samples that contain RNases. Taken together, the current work sets the stage for exploring RNA-cleaving DNAzymes for engineering biosensors that are compatible with complex biological samples. In vitro selection with the initial library L1
Materials and Methods
One thousand pmol of L1 were used as the initial library. The DNA molecules in this pool were first labeled with 32 P at the 5 0 -end in the presence of 10 units (U) of T4 PNK, 10 μCi of [γ- 32 P] ATP, and 1× T4 PNK buffer A (using the 10× buffer supplied by the vendor) for 20 min at 37°C in a reaction volume of 100 μL. This was followed by the addition of non-radioactive ATP to a final concentration of 1 mM and further incubation at 37°C to ensure complete phosphorylation. The reaction was stopped by heating at 90°C for 5 min. Upon cooling to room temperature (~23°C), 1000 pmol of S1 and 1000 pmol of T1 were added (T1 is the template for ligation and its sequence is 5 0 -TCATA TAGAC TCTTG ATCGA; the sequences of all other DNA molecules can be found in Fig 1) . The reaction mixture was then heated to 90°C for 1 min and cooled to room temperature. Ten units of T4 DNA ligase and 25 μL of 10× T4 DNA ligase buffer (supplied by the vendor) were added to the reaction mixture (total reaction volume: 250 μL). The ligation reaction was carried out at room temperature for 2 h. The DNA in the mixture was precipitated by ethanol and the ligated product was purified by 10% dPAGE. The purified DNA above was suspended in 50 μL of H 2 O, heated to 90°C for 30 s and cooled to room temperature over 15 min. The cleavage reaction was initiated by the addition of 50 μL of 2× selection buffer (120 mM HEPES, pH 7.5, 600 mM NaCl, 200 mM KCl, 30 mM MgCl 2 , and 30 mM MnCl 2 ), and the reaction mixture was incubated at room temperature for 1 h. This was followed by by the addition of EDTA (0.5 M, pH 8.0) to a final concentration of 30 mM. The DNA in the mixture was precipitated with ethanol and the cleavage product was purified by 10% dPAGE. A DNA marker that has the identical size to the cleavage product was used to guide the separation.
The isolated DNA above was amplified by polymerase chain reaction (PCR) in a volume of 50 μL containing 1× PCR buffer (supplied by the vendor as the 10× buffer), 0.2 mM each of the standard dNTPs, 1.25 U of Tth DNA polymerase, 0.5 μM FP1 (forward primer) and 0.5 μM RP1 (reverse primer). Twelve thermocycles were carried out with the following parameters: 94°C, 30 s (2 min for the first cycle); 52°C, 40 s; 72°C, 45 s. A 1/100-fold dilution of the first PCR product was used for the second PCR using the same condition described above with the exception that RP2 was used instead of RP1. Another PCR2 was performed for internal labeling with 32 P. This was achieved by following the PCR2 protocol except that 10 μCi of [α-32 P]dGTP and 0.02 mM non-radioactive dGTP were used to substitute 0.2 mM dGTP. The non-radiolabeled and 32 P-labeled PCR solutions were combined and the DNA in the mixture was precipitated by ethanol. The desired DNA molecules were purified by 10% dPAGE. The purified DNA was used to carry out the second selection using the same procedure. 10 selection rounds were conducted with the cleavage time set as follows: 1 h for rounds 1-5, 1 min for rounds 6-7, and 5 s for round 8-10. The cleavage product from round 10 was amplified, cloned and sequenced using a protocol we published previously [41] .
In vitro selection with mutant library of LRD-B
Each nucleotide located within the original random-sequence domain of LRD-B was subjected to 30% mutagenesis during chemical synthesis (70% chance for the wild-type nucleotide and 10% each for the remaining three nucleotides). 1000 pmol of the library were used for the reselection experiment following the selection scheme as described above. The cleavage time was set as follows: 1 h for round 1, 10 min for round 2, 1 min for rounds 3 and 4, and 5 s for rounds 5 and 6. The cleavage product from round 6 was cloned and sequenced.
Kinetic analysis of cis-acting constructs
Radioactively labeled candidate DNAzymes were prepared by 5 0 -phosphorylation with 10 μCi of [γ-32 P]ATP, ligation to S1 and purification by dPAGE as described above. The cleavage reaction was conducted in 100 μL of 1× SB containing 1 μM ligated construct. 10 μL were withdrawn from the reaction mixture at the following time points: 1, 2, 5, 10, 20, 30, 40, 50, and 60 min. These DNA samples were then subjected to 10% dPAGE for DNA separation. 
Kinetic analysis of trans-acting constructs
Single-turnover conditions: radioactive S1 was prepared through phosphorylation with [γ- 32 P] ATP and T4 PNK, and purified by 10% dPAGE as described above. The cleavage reaction was conducted using the same procedure described for the cis-acting constructs except for the use of the S1/LRD-BT1 trans construct ( Multiple-turnover conditions: The cleavage reaction was performed using 5 nM LRD-BT1. The initial rates were determined for each of the following concentrations of S1: 10, 50, 100, 200, 300, 400, 700, and 1000 nM. The k cat and K M values were derived using MichaelisMenten equation.
Metal-ion dependency
Modified 2× selection buffers were used for this experiment, each of which contained 120 mM HEPES, pH 7.5, 600 mM NaCl, 200 mM KCl, 30 ). Each reaction mixture contained 10 nM S1 and 200 nM LRD-BT1 in a reaction volume of 20 μL. After incubation for 30 min, the cleavage reaction mixture was analyzed by dPAGE to obtain percent cleavage.
Truncation of LRD-B
All truncated sequences were prepared through DNA phosphorylation and ligation with S1, as described above for the full-length LRD-B. The cleavage reaction was conducted in 20 μL of 1× SB containing 1 μM ligated construct. The reaction time was 30 min. The percent cleavage was determined for each construct through dPAGE analysis. The relative activity of each truncation was normalized against the full-length construct by 100 × Y C /Y F , where Y C and Y F represent the percent cleavage of each truncated sequence and full-length sequence, respectively.
ATP detection using an aptazyme
The aptazyme detection mixture was prepared by incubating 1 mM ATP with 50 nM S1-Apt1 in 1× SB for 5 min. The reaction was initiated by the addition of 50 nM LRD-Apt1. Aliquots were taken out and quenched with EDTA at the following time points: 1, 2, 5, 10, 20, 30, 60, 120, 180 min. The DNA in each reaction mixture was precipitated with ethanol, separated by 10% dPAGE, and analyzed with a Typhoon Trio+ Imager. The experiments were performed in triplicates.
DNA methylation
The cleavage reaction was carried out in 400 μL of 1× SB containing 100 pmol of LRD-B. After 30 min, the DNA was precipitated with ethanol and resuspended in 200 μL of H 2 O. The DNA solution was then heated to 90°C for 1 min and cooled to room temperature for 10 min. Subsequently, 200 μL of 0.4% DMS in H 2 O were added and the mixture was incubated at room temperature for 35 min. This methylation sample was denoted "control". Another sample, denoted "test", was also produced with 100 pmol of LRD-B, but for this sample, DMS methylation was carried out prior to RNA cleavage. The DNA in both samples was precipitated with ethanol and radioactively labeled at the 5 0 -end with 10 μCi of [γ-
32
P]ATP and 10 units of PNK. The cleavage fragment was purified by 10% dPAGE, resuspended in 100 μL of 10% piperidine, and heated at 90°C for 30 min. Each mixture was then dried in a vacuum concentrator. The DNA molecules in each sample were separated by 10% dPAGE. The gel image was taken using a Typhoon Trio+ Imager.
Stability test of D-RNA and L-RNA against RNases
Radioactively labeled S1 and S1-D-RNA (sequence: 5 0 -ACTCTT CTTAG CT-DrG-TGGTT CGATC AAG) substrates were prepared by 5 0 -phosphorylation with 10 μCi of [γ-32 P]ATP.
The substrates were then precipitated with ethanol and purified by 10% dPAGE. 50 pmol of S1 or S1-D-RNA were then incubated 1 unit of RNase T1 or RNase I for 15 min at room temperature. Each substrate was also treated with 0.5 M of NaOH for 15 min at 90°C. The DNA molecules in the reaction mixtures were then precipitated with ethanol, separated by 10% dPAGE, and analyzed with a Typhoon Trio+ Imager.
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